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ABSTRACT
PHENOTYPIC PLASTICITY OF NATIVE AND INVASIVE GRASSES IN
RESPONSE TO FREQUENCY OF MOISTURE AVAILABILITY
MING-YU STEPHENS
2017

Phenotypic plasticity, the ability of an individual to alter its growth in response to
environmental conditions, is an attribute that is considered a likely invader attribute, as it
provides the opportunity to expand its ecological niche breadth. Adaptive phenotypic
plasticity can affect not only the ability to establish in a new environment, but also the
ability to outperform the existing vegetation over time. Bromus inermis (smooth brome)
and Poa pratensis (Kentucky bluegrass) are invasive species in tall- and mixed-grass
prairie ecosystems. The objectives of this two-part study were to quantify the adaptive
plasticity of biomass accumulation and tiller production in B. inermis and P. pratensis in
comparison to their native neighbors (Elymus canadensis (Canada wildrye) and
Pascopyrum smithii (western wheatgrass)).
In part one, I created water availability stress in three different soils. Biomass of
each species was compared between high, medium, and low watering frequencies to
determine plasticity of native and invasive species in response to moisture variability. In
part two, the same study was performed with B. inermis and P. pratensis as target species,
grown concurrently with a neighboring native or invasive species, in order to determine
the effect of competition on plasticity of invasives in tall- and mixed-grass prairie.
In both parts, the conclusion was the same – the difference between invasive and
native species is not large as expected. Though there were species-specific differences in
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plasticity of the 4 species, neither native nor invasive species were more plastic as a
group. Plants from both categories proved to be equally competitive. These results
suggest that certain native and invasive species may occupy the same ecological niche,
and future research should be done to find which native plantings could be utilized to
competitively exclude potential invaders.
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CHAPTER 1
Introductions of exotic plant species are occurring more quickly than they have at
any other time in history (Lodge 1993; Chapin et al. 2000; Goodenough 2010), and pose
a considerable threat to conservation and economy. Though some of these exotics can
seem benign, others are known to alter fire regimes, nutrient cycling, hydrology, energy
budgets, and evolutionary trajectory in a native ecosystem, making places less habitable
for native species (Vitousek et al. 1997; Yurkonis et al. 2005; Mooney and Cleland 2001).
When these exotic species cause negative environmental or economic impacts, they are
considered “invasive” (Cronk and Fuller 1995; Mack 1997). One of the major
environmental negative impacts of invasive species is on biodiversity. Out of all the
factors that cause loss of biodiversity, the impact of invasive species is second only to
habitat loss (Groves et al. 2001). The negative economic impacts of invasive species arise
from the costs to control invasions, decreased livestock and crop production, reduced
recreational and aesthetic opportunities, and loss of ecosystem services that are estimated
to cost the US more than $100 billion annually (Pejchar and Mooney 2009; Pimentel et al.
2005).
Identifying ecological traits that contribute to invasiveness could improve
understanding of why some species become invasive (Pimentel et al. 2000). Many studies
have identified the need to understand the mechanisms, traits, and external factors that
contribute to successful invasion by exotic plant species (Lake and Leishman 2004;
Burns 2006; Pyšek and Richardson 2007). Invasive species have been shown to have
significantly higher values in six performance-related trait categories than non-invasive
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species (van Kleunen et al. 2010). When comparisons were made between invasive
species in the target area and native species that themselves are invasive elsewhere, no
trait differences were significant (van Kleunen et al. 2010). Traits enabling a species to
invade a site with certain conditions are likely to allow another species with the same
traits to invade that site or other sites with similar conditions (Perkins and Nowak 2013),
so understanding the traits of species that are already invasive in tallgrass prairie might
allow us to predict which new species are likely to invade tallgrass prairie in the future.
Invasion is not a result of one single factor, but rather a combination of factors
(Lonsdale 1999; Alpert et al. 2000; Shea and Chesson 2002), and it is therefore important
to not only understand individual elements contributing to invasions, but how these
elements interact. In this thesis, I seek to address the interaction of invader attributes and
site environmental conditions, two elements identified in the Invasion Triangle (Perkins
et al. 2011) as factors that interact to facilitate invasion by an exotic species. A better
understanding of traits associated with invasion has been identified as a method to predict
the potential invasiveness of exotic species that have not yet been introduced to a certain
area (Pheloung et al. 1999; Daehler and Carino 2000), and to better control existing
invaders (Parker 1997). This reflects current Weed Risk Assessment (WRA) methods,
which use information about a species’ climatic and environmental preferences, and its
biological attributes to make a prediction about its invasiveness. (Pheloung et al. 1999;
Koop et al. 2012).
Phenotypic plasticity was one of the original traits proposed as an invader
attribute (Baker 1965). Plasticity is the property of a genotype allowing an individual to
adapt growth to environmental inputs (West-Eberhard 2003). The ability of organisms to
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express whichever phenotype provides greater fitness or performance in the given
environment gives each organism the opportunity to expand its ecological niche breadth
(Bradshaw 1965; Whitlock 1996; Donohue et al. 2001; Sultan 2001; Richards et al. 2005).
Adaptive plasticity specifically is a reactive change in growth that results in production of
a phenotype that is in the same direction as the optimal value favored in the new
environment (Ghalambor et al. 2007; Trussell and Etter 2001). This ability to alter
growth through adaptive plasticity is likely to affect not only a plant’s ability to establish
in a new environment but also its ability to outperform the native vegetation over time,
leading to success as an invader (Murray et al. 2002; van Kleunen and Richardson 2007).
The effects of phenotypic plasticity are best explained through conceptual models,
since the expression of plasticity differs between individuals in stressful conditions. One
of these models (Fig. 2-1) expresses three scenarios where plasticity can increase fitness
of an individual: (1) an individual displaying a Jack-of-All-Trades plasticity is able to
maintain ﬁtness in stressful environments; (2) an individual displaying a Master-of-Some
plasticity able to increase ﬁtness in favorable environments; or (3) an individual with a
Jack-and-Master type of phenotypic plasticity combines the robustness of Jack-of-AllTrades with the responsiveness of Master-of-Some (Richards et al. 2006).
The three-part model described above has the benefit of expressing all forms of
plasticity in three simple scenarios. However, it does not explain plasticity as being
expressed along a non-linear stress gradient. Plants are often stressed by either an excess
or deficit of a given resource (Shelford 1963), where an increase or decrease of
availability from an optimal point is detrimental to growth. For example, a given plant
that thrives with 3 cm of rainfall per week may produce 30g of biomass in the first month
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of growth. An individual with the same genotype may produce only 15g of biomass in the
same amount of time with either 1 cm or 5 cm of rainfall per week, exhibiting stress
under both high and low rainfall rates. In this thesis, I propose a model for explaining
plasticity along a resource gradient, rather than along a range from “stressful to favorable.”
This proposed model of adaptive plasticity (as in Richards et al. 2006) along a
resource gradient shows organisms that either maintain fitness, improve, or decrease in
fitness at different levels of resource availability. Richards et al.’s model reflects the
ideas put forth in Herbert Baker’s iconic paper describing the characteristics of weeds
(Baker 1965). Baker anticipated that invaders would (1) be able to maintain fitness across
a broad range of environments, and (2) be able to increase fitness in favorable
environments (Baker 1965). Under those principles, I expect that if adaptive phenotypic
plasticity contributes to a given species invasion, the invader should demonstrate one the
scenarios described in Fig. 2-2A-C, where variations in resources are met with either
maintained fitness or opportunistic improvement in response to favorable conditions. The
scenarios described in Fig. 2-2D-F wherein a species performs well under favorable
conditions, but not stressful conditions would not contribute to species invasion.
In the proposed model, three forms of adaptive plasticity (Jack-of-All-Trades,
Jack-and-Master, and Master-of-All, Fig 2-2A-C) could contribute to invasion in all
fluctuating resource scenarios. The Jack-of-All-Trades plasticity would be demonstrated
when performance in all three resource levels is statistically similar (Fig. 2-2A). The
Jack-and-Master plasticity (Fig. 2-1B) if the difference between two points on a resource
gradient are statistically insignificant, but the third point shows a significant increase in
performance (Fig. 2-2B). Master-of-All plasticity exists where a species is able to
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respond opportunistically to both deficit and surplus stresses, and is graphically
represented by a significant improvement in performance on both sides of a central
lower-performance point along a resource gradient (Fig. 2-2C).
Three types of adaptive plasticity are proposed within this model to represent the
reactions of non-invasive species to environmental stress. Master-of-Some plasticity (Fig.
2-2D) exists in species having a significant improvement and a significant decrease in
performance that is directly correlated with the amount of the resource available, and may
confer an advantage under certain stresses, but would have a disadvantage against a more
plastic species under the opposite resource stress. If a species displaying Master-of-Some
plasticity is competing with a more plastic species, being unable to adapt to stress could
create an opportunity for the more plastic species to invade the ecosystem. A species that
is able to maintain performance between two points, but has a significant decrease in
performance in the third, has Jack-of-Some-Trades plasticity (Fig. 2-2E) that can allow a
more plastic species to become dominant when the resource exists at the level of the
highest point. If performance significantly decreases on both sides of a central point in a
resource gradient, the plasticity of that species is represented by the Master-of-None
model (Fig. 2-2F), and having that resource at either stressful level would allow another,
more plastic species to become dominant.
The responses anticipated by our model can be tested through experimentation, in
which a difference between plastic responses of invasive and native species will be
indicated by interaction between resource availability and fitness or performance of each
species. As in the original model proposed by Richards et al., comparing the reactions of
different species allows us to discriminate between each proposed scenario (Richards et
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al. 2006). To easily distinguish which scenario is the best fit requires at least three
treatments along a resource gradient.
Many studies have been conducted to determine whether there is a positive
relationship between phenotypic plasticity and invasiveness. Some have supported this
claim (Daehler 2003; Davison et al. 2011), and others have found no such relationship
(González and Gianoli 2004; Brock et al. 2005; Burns 2006; Funk 2008). An alternative
theory proposes that the wide ecological breadth commonly seen in invasive species is
not plasticity, but rather the result of a series of locally adapted ecotypes (Rice and Mack
1991; Mooney and Cleland 2001; Lavergne and Molofsky 2007). Because adaptive
plasticity is not consistently found in invasive species, it is important to approach this
question regarding the role of plasticity in invasions at the local scale and identify how
this idea applies to each invasive species in the context of the invaded environment
(Palacio-López and Gianoli 2011).
Tall- and mixed-grass prairies are threatened North American ecosystems in need
of conservation and restoration (Samson and Knopf 1994). Tallgrass prairie in the
easternmost belt of the American Great Plains is one of the most severely endangered
native ecosystems in North America (Cully et al. 2003). Since 1830; the decline in area
of tallgrass prairie are estimated to be 82-99%, exceeding that of any other major
ecosystem in North America (Samson and Knopf 1994; Wright and Wimberly 2013). In
2004; mixed-grass prairie was estimated to span only 29.1% of its historical range
(Samson et al. 2004). Disturbance from invaders and fragmentation of prairie from
intense agricultural use have been driving forces in causing this decrease (Cully et al.
2003; Hobbs and Huenneke 1992). Analysis of soils and vegetation in Southern mixed-
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grass prairie reseeded with native plants show that sites may require external inputs and a
30- to 50-year period to recover from establishment of nonnative species and
displacement of native species (Fuhlendorf et al. 2002). Because of the long recovery
period, preventing exotic invasions, far more than restoring them, is crucial to
conservation of remaining tall- and mixed-grass prairie.
I chose to use a target-area approach in exploring the reasons behind the success
of invasive species. In a target-area study, the focus is placed on the organisms that
successfully invaded a certain region, and attributes their success to their phenotypic
traits, rather than the environment they originated from (Hamilton et al. 2005). The
target-area approach asks the question “what traits distinguish successful invaders from
native species growing in the same area?” (Hamilton et al. 2005). In this study, two of the
most successful invaders of tall- and mixed-grass prairie, Bromus inermis (smooth brome)
and Poa pratensis (Kentucky bluegrass), were investigated for the strength of their
phenotypic plasticity compared to co-occuring native neighbors.
B. inermis and P. pratensis are highly invasive in North American grasslands. In a
2002-2006 survey of mixed-grass and tallgrass prairie vegetation, B. inermis comprised
45%-49% of plant cover in some areas, and P. pratensis occupied 27% to 36% of
vegetation in other locations (Grant et al. 2009). Comparison of vegetative cover at sites
in the Northern Great Plains between 1984 and 2007 found that species composition
changed from containing a high percentage of native species to containing a high
percentage of invasive species, including B. inermis and P. pratensis (Dekeyser et al.
2013). Within the past few decades, P. pratensis has become the most common species
on native prairie sites of much of North and South Dakota (DeKeyser et al. 2015).
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Both B. inermis and P. pratensis create significant disruption of normal
ecosystem function through a variety of interactions. B. inermis and P. pratensis are
associated with a significantly lowered diversity and increased fragmentation in
communities where they establish (Fink and Wilson 2011; Sather 1996). Both species
also efficiently cycle N through the soils on which they grow, which may enable other Nphilic exotic species to persist in invaded areas (Vinton and Goergen 2006; Toledo et al.
2014). When unmanaged, litter of either species can suppress the growth of some
established native plants by creating a physical barrier to seedling emergence (Williams
and Crone 2006; Toledo et al. 2014). P. pratensis is known to have effects such as
fragmentation of native habitat to increased soil N levels to production of a dense thatch
layer (Toledo et al. 2014). P. pratensis is able to outcompete native bunchgrasses (Grilz
and Romo 1995), and has a negative effect on native plant cover in North American
grassland (White et al. 2013).
Elymus canadensis (Canada wildrye) and Pascopyrum smithii (western
wheatgrass) are two cool season native perennials that were included in this experiment
to compare the strength of phenotypic plasticity between invasive species and native
species with similar life histories. With a better understanding of B. inermis and P.
pratensis invader attributes, we can provide information to improve risk assessments for
tallgrass prairies and selectively manage for plants that are likely to be invasive, and
protect tall- and mixed-grass prairie from further degradation (Higgins et al. 1999; Kolar
and Lodge 2001; Droste 2010).
In this study, I measured the plasticity of B. inermis, P. pratensis, E. canadensis,
and P.smithii under three moisture regimes to determine which has higher plasticity. By
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using three watering frequencies in this experiment, I provide multiple points along a
resource gradient. I hypothesized that B. inermis and P. pratensis would more strongly
display the Jack-of-All-Trades performance than to native species. In the first part of my
thesis, I measure biomass and tiller production of all four study species in response to
these watering regimes. I test for consistency of plasticity patterns by growing plants in
three soils. In part two, I measure plasticity patterns in one soil type under the three
watering regimes when B. inermis and P. pratensis are subject to competition. This thesis
aims to provide greater understanding of phenotypic plasticity as an invader attribute.
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Fig. 1-1 – Model of expected fitness plasticity of invasive genotypes/populations/species
adapted from Richards et al. 2006. (a) represents an invasive with more robust fitness in
the face of stressful environmental conditions, possibly conferring greater ecological
breadth (Jack-of-all-trades) (b) represents those invasives that are better able to respond
with increased fitness in favorable conditions (Master-of-some); and (c) represents those
genotypes/populations/species that have both robustness and responsiveness under certain
conditions (Jack-and-master).
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Fig. 1-2 - Expected plastic responses of organisms when grown under different
moisture frequencies. In other cases, this same model could be used, where the x-axis
represents a resource gradient. All plastic “types” are the same when flipped across a
vertical axis. For example, Master-of-some (A) has a negative slope in the above chart,
but would still represent Master-of-some when fitness or performance is expressed with a
positive slope. A-C are the highly plastic anticipated responses of invaders, including
those that express maintained performance in the face of environmental stresses (A),
those that improve fitness under stresses (C), and those that express a combination of the
two (B). D-F are expected non-invasive species responses, which can be opportunistic
and perform well under their preferred environment, but cannot maintain performance
under all three levels of resource availability.
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CHAPTER 2
INTRODUCTION
Introductions of exotic plant species pose a considerable threat to conservation
and economy. Exotic plants are known to alter fire regimes, nutrient cycling, hydrology,
energy budgets, and evolutionary trajectory in a native ecosystem, making places less
habitable for native species (Vitousek et al. 1997; Yurkonis et al. 2005; Mooney and
Cleland 2001). When these exotic species cause economic or environmental harm, they
are considered “invasive” (Cronk and Fuller 1995; Mack 1997). Of the factors that cause
loss of biodiversity, impact of invasive species comes second only to habitat loss (Groves
et al. 2001). The negative economic impacts of invasive species arise from the costs to
control invasions, decreased livestock and crop production, reduced recreational and
aesthetic opportunities, and loss of ecosystem services (Pejchar and Mooney 2009;
Pimentel et al. 2000). In some cases, sites require external inputs and a 30- to 50-year
period to recover from establishment of nonnative species and displacement of native
species (Fuhlendorf et al. 2002). Because of the long recovery period, preventing exotic
invasions, far more than restoring them, is crucial to conservation of remaining tall- and
mixed-grass prairie.
Identifying ecological traits that correlate strongly with invasiveness could
improve understanding of why some species become invasive (Pimentel et al. 2000). An
understanding of the mechanisms, traits, and external factors that contribute to successful
invasion by exotic plant species (Lake and Leishman 2004; Burns 2006; Pyšek and
Richardson 2007) is necessary for managing and preventing invasions. Phenotypic
plasticity, or the ability of an individual to adapt growth to environmental inputs (WestEberhard 2003), was one of the original traits proposed as a adaptive attribute in weeds
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(Baker 1965). The ability of an organism to express whichever phenotype provides
greater fitness or performance in the given environment provides the opportunity to
expand its ecological niche breadth (Bradshaw 1965; Whitlock 1996; Donohue et al.
2001; Sultan 2001; Richards et al. 2005), likely improving the organism’s ability to
initially establish in a new environment and outperform the existing vegetation over time
(Murray et al. 2002; van Kleunen and Richardson 2007).
The effects of phenotypic plasticity are best explained through conceptual models,
since the expression of comparative plasticity between individuals is not the same in
different situations. A popular model (Fig. 1) presents three scenarios where plasticity
can increase fitness of an individual: (1) Jack-of-all-trades plasticity, where fitness is
maintained in unfavorable environments; (2) Master-of-some plasticity, where fitness is
increased in favorable environments; and (3) Jack-and-master, which combines some
level of both abilities (Richards et al. 2006). However, this model does not allow the
opportunity to explain where that plasticity is being expressed along a resource gradient.
In this experiment, I use another model (Fig 2) that offers 6 plastic responses – 3 that
reflect the high plasticity expected for an invader (Fig 2A-C), and 3 that reflect the less
plastic responses expected in non-invasive species (Fig 2D-F).
Two invasive species of interest in North American tallgrass prairie are Bromus
inermis (smooth brome) and Poa pratensis (Kentucky bluegrass). Both B. inermis and P.
pratensis are associated with a significantly lowered diversity and increased
fragmentation in communities where they establish (Fink and Wilson 2011). When
unmanaged, both species are known to suppress growth of established native plants
(Williams and Crone 2006; Toledo et al. 2014). With a better understanding of the traits
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that contribute to invasion by B. inermis and P. pratensis, we would be able to form
better risk assessments and selectively manage for plants that are likely to be invasive,
thus protecting tall- and mixed-grass prairie from further degradation (Higgins et al. 1999;
Kolar and Lodge 2001; Droste 2010).
I performed an experiment to determine the plasticity of the invasive cool season
grasses B. inermis and P. pratensis under three moisture regimes, in three different soil
types. Native cool season grasses E. canadensis and P. smithii are grown concurrently in
the same treatments for comparison. By using three watering frequencies in this
experiment, I provide three points along a resource gradient, which will allow me to
identify which model of plasticity is displayed by B. inermis and P. pratensis in each soil.
Attributes enabling a species to invade a site with certain conditions are likely to allow
another species with the same attributes to invade that site or other sites with similar
conditions (Perkins and Nowak 2013), so understanding the traits of these highly
successful tallgrass and mixed-grass prairie invaders will allow us to predict which new
species are likely to invade tallgrass prairie in coming years. I hypothesized that
B.inermis and P.pratensis will express either Jack-of-All-Trades, Jack-and-Master, or
Master-of-All under all watering treatments than their native counterparts, and that this
difference will be more pronounced in high-resource soils.
METHODS
To determine the difference in plasticity between native and invasive cool-season
grasses, I conducted a glasshouse experiment where the biomass and tiller production of
two invasive species and two native species were compared among different soils and
different watering regimes. All plants were grown from Millborn seed (Brookings, SD)
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in a glasshouse located in Brookings, South Dakota (44.320468, -96.784199). Three
seeds were planted for each sample in a Ray-Leach UV-stabilized RL200 pot (Stuewe
and Sons, Corvallis, OR, USA). Each pot had a diameter of 2.5 cm and a length of 14 cm.
A coffee filter was placed at the bottom to prevent soil loss while allowing water
drainage. The seeds were watered to saturation every other day for the first 21 days to
allow establishment before implementing the moisture regime manipulation. Sprouts
were thinned at the end of each week so that there was only one individual per pot.
Three unamended soils were used in this experiment to represent substrates
common to local sites. Two were sourced from the area near Oak Lake Field Station:
Field Sand (a loamy sand) was collected at (44.50708, -96.5314), and Field Loam (a loam)
at (44.50671, -96.5343). The third, Greenhouse Loam (a sandy loam) was locally sourced
sifted topsoil. Soils were sieved to remove material larger than 2.5 cm in diameter, then
soils were homogenized before placing in pots. Their differing textures and nutrient
composition (Table 1-1) allow us to study the interaction between water regimes and soil
types.
Three watering regimes were created based on average rainfall in the area to find
how well each species would react to likely climatic variations. Each treatment was
watered to reach the total average weekly rainfall for this area during the April-October
growing season (1.7 cm water week-1). South Dakota State University Mesonet data from
1964-2011 were used. Variation in watering frequency simulated different rainfall
regimes: the “low” frequency watering treatment received 1.7 cm of water once a week,
the “medium” treatment received 0.85 cm of water twice a week, and the “high”
frequency treatment received 0.57 cm three times per week.
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The experiment was ended after 13 weeks of treatment when root extrusion at the
bottom of the pots signaled space limitation. Data for above-ground plant length was
collected for each plant by measuring maximum leaf length from tip to soil surface. The
clipped plant material was dried for at least 36 hours at 55°C and weighed to quantify
above-surface dry biomass. The below-ground contents of each container was placed on
1x1mm mesh and soil manually removed from the roots. The roots were weighed, and
number of tillers counted for both above- and below-ground vegetative reproduction.
Analysis was performed on total biomass of each individual and total number of tillers
from each individual.
Plasticity was determined by comparing biomass under stress to biomass under
the most favorable growth conditions. Greenhouse Loam and medium watering
frequency were considered the most favorable growth conditions and served as the
‘control’. Field Loam, Field Sand, low watering frequency, and high watering frequency
were considered the stress conditions. Maintenance or increase of biomass under those
conditions were accepted as maintenance or increase in fitness, respectively. A difference
in clonality (number of above- or below-ground tillers) was considered an adaptive
response and variance in that metric was positively correlated with plasticity. A relative
interaction index (Rii, Armas et al. 2004) was used to calculate the effect of watering
frequency on biomass within each soil type using the equation below:

𝑏𝑡 − 𝑏0
𝑏𝑡 + 𝑏0
𝑏𝑡 = 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑤𝑖𝑡ℎ 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 (ℎ𝑖𝑔ℎ 𝑜𝑟 𝑙𝑜𝑤 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔)
𝑏0 = 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 (𝑚𝑒𝑑𝑖𝑢𝑚 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔)
𝑅𝑖𝑖 =
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Rii value was then used to determine which phenotypic plasticity scenario was
demonstrated by each species in each soil. Species were given “Jack-of-All-Trades”
designation if all Rii values for biomass production were statistically equivalent to 0 in
that soil type (Fig. 1-2A). If one Rii value was statistically greater than 0, but the other
was not, the species was given “Jack-and-Master” status (Fig. 1-2B). If Rii values for
both low and high watering treatments were greater than 0, these species were considered
plastic only in certain circumstances and given the “Master-of-All” designation (Fig. 12C). Likewise, species that had similar biomass between the control and one treatment
but a lower value for the other treatment were given the “Master-of-Some” designation
(Fig 1-2D).
Additional analysis to test for change of clonality in response to stress was carried
out by using the average number of tillers per individuals of each species in each
treatment. Tiller count data was tested for violation of normality using Shapiro-Wilk, and
all but 4 groups (Table 2) of samples passed, when sorted by watering treatment, soil type,
and species. Data was analyzed with a Least Squares Regression Model in JMP to gain a
preliminary look at whether plasticity of each species affected the number of tillers
produced. Differences among species within each soil types was examined with Student’s
T-tests. Plasticity in plants was considered higher if tiller number was decreased in
response to stress as this would mean that resources were being allocated to more
essential growth for the individual.
Preliminary analysis of biomass and tiller data included boxplots to check for
outliers and an assessment of homogeneity of variance. No data were excluded as a result
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of these analyses. Data was tested for normality using Shapiro-Wilk and a significance
level of p = 0.05. A natural logarithmic transformation of values did not result in better fit
of the model, so untransformed data was used. JMP (JMP®, Version 8. SAS Institute Inc.,
Cary, NC, USA 1989-2007) was used to perform ANOVA and determine significance of
watering treatments on biomass data collected. JMP was also used to perform a Student’s
T-test to determine whether species responses were significantly different from one
another.
RESULTS
Species (F = 17.20, df = 3, p = <0.0001), soil (F = 317.45, df = 2, p = <0.0001),
and water (F = 8.38, df = 2, p = 0.0003) all significantly affected biomass. Rii was also
significantly affected by species (F = 18.54, df = 3, p = <0.0001), soil (F = 24.68, df = 2,
p = <0.0001), and watering (F = 20.49, df = 2, p = <0.0001). Tiller number was
significantly altered by species (F = 77.86, df = 3, p = <0.0001) and soil (F = 113.70, df =
2, p = <0.0001), but not watering (F = 2.21, df = 2, p = 0.11). Because of the significance
of species and soil effect on biomass and Rii, subsequent analyses were conducted
separately for each species and soils.
B. inermis biomass was overall not significantly affected by watering stress (F =
2.80, df = 2, p = 0.06), but was significantly affected by soil type (F = 124.96, df = 2, p =
<0.0001) and the interaction of soil and watering frequency (F = 8.78, df = 4, p =
<0.0001). For this and subsequent species, analysis was completed for each watering
treatment within soils to address the significance of the interaction. Within each soil,
effects of watering were different. Within Field Loam, effects of watering on biomass (F
= 0.69, df = 2, p = 0.51) was insignificant, and effect on Rii values (F = 797.67, df = 2, p
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= <0.0001) was significant. Within Greenhouse Loam, effect on biomass was significant
(F = 24.80, df = 2, p = <0.0001), effect on tiller could not be calculated, and effect on Rii
(F = 46.34, df = 2, p = <0.0001) was significant. Within Field Sand, watering effect on
biomass (F = 1.13, df = 2, p = 0.33) and Rii (F = 0.73, df = 2, p = 0.49) were not
significant. Effect of watering on tiller production in Field Sand (F = 0.74, df = 2, p =
0.49) and Greenhouse Loam (F = 0.60, df = 2, p = 0.55) were insignificant. No tillers
were produced in Field Loam. From the Rii values, I determined that B. inermis
expresses Jack-of-All-Trades plasticity in Field Sand, and Master-of-None in Greenhouse
Loam and Field Loam (Fig 2-3(A-C)).
Biomass of invasive P. pratensis was significantly affected by watering frequency
(F = 17.39, df = 2, p = <0.0001), soil type (F = 215.71, df = 2, p = <0.0001), and the
interaction of the two (F = 10.50, df = 4, p = <0.0001). Watering effects in Field Loam
were not significant for biomass (F = 0.78, df = 2, p = 0.47) Rii values (F = 0.75, df = 2,
p = 0.48), or tiller count (F = 0.84, df = 2, p = 0.44). In Greenhouse Loam, biomass (F =
7.84, df = 2, p = 0.003), Rii value (F = 11.30, df = 2, p = 0.0005), and tiller growth (F =
4.11, df = 2, p = 0.03) were all significantly affected by watering. Watering effects in
Field Sand were not significant on biomass (F = 0.51, df = 2, p = 0.6051) or Rii (F = 1.48,
df = 2, p = 0.23), but were for tiller count (4.37, df = 2, p = 0.02). This invasive species
expresses Jack-of-All-Trades plasticity in Field Loam and Field Sand soils, and Masterof-None in Greenhouse Loam, based on the Rii values (Fig 2-3(A-C)).
E. canadensis biomass was not significantly affected by watering stress overall (F
= 2.17, df = 2, p = 0.12). This species was, however, significantly affected by soil type (F
= 83.18, df = 2, p = <0.0001) and the interaction of soil type and watering stress (F = 9.58,
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df = 4, p = <0.0001). In Field Loam soil, effects of watering on biomass (F = 1.43, df = 2,
p = 0.25) and Rii (F = 0.70, df = 2, p = 0.51) were not significant. No tillers were
produced in Field Loam. Within Greenhouse Loam, effect of watering on biomass (F =
9.85, df = 2, p = 0.001) and Rii (F = 14.43, df = 2, p = 0.0002) were significant, while
effect on tiller was not (F = 1.65, df = 2, p = 0.22). E. canadensis grown in Field Sand
soil expressed no significant change in biomass (F = 1.87, df = 2, p = 0.17), tiller
production (F = 0.48, df = 2, p = 0.62), or Rii value (F = 2.19, df = 2, p = 0.13) in
response to watering treatments. From the Rii values, I found that this species expresses
Jack-of-All-Trades plasticity in Field Sand and Field Loam soils, and Master-of-None in
Greenhouse Loam (Fig 2-3(A-C)).
Native P. smithii was significantly affected by watering frequency (F = 3.13, df =
2, p = 0.04), soil (F = 31.14, df = 2, p = <0.0001), and the interaction of the two (F = 4.74,
df = 4, p = 0.002). Within Field Loam soil, watering effect on biomass (F = 0.58, df = 2,
p = 0.56) and Rii (F = 1.27, df = 2, p = 0.30) were not significant. No tillers were
produced in Field Loam. In Greenhouse Loam, the effect was significant for both
biomass (F = 5.13, df = 2, p = 0.01) and Rii value (F = 14.21, df = 2, p = <0.0001), but
not for tiller production (F = 0.61, df = 2, p = 0.55). Watering effect on biomass (F =
7.00, df = 2, p = 0.004) and Rii values (F = 5.01, df = 2, p = 0.01) were significant in
Field Sand, but effect of tiller production was not (F = 0.48, df = 2, p = 0.62). P. smithii
displays Master-of-Some plasticity in Field Sand, Master-of-None in Greenhouse Loam,
and Jack-of-All-Trades in Field Loam (Fig 2-3(A-C)).
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DISCUSSION
The results of this experiment did not support our hypothesis of invasive grasses
as a group having greater adaptive phenotypic plasticity than their native counterparts. I
expected all species to able to produce maximum biomass under favorable conditions
(medium watering frequency and loamy soil) and this was often the case. However,
plasticities of and invasive native species were idiosyncratic. Each species displayed
unique phenotypic plasticity in response to environmental conditions, there was no
relationship between native or non-native status and plastic ability. For example, in Field
Sand, native E. canadensis and invasive B. inermis both displayed Jack-of-All-Trades
plasticity (Fig. 2-3) whereas the other native (P. smithii) displayed Master-of-Some
plasticity and the other invasive (P. pratensis) displayed Jack-of-All-Trades plasticity.
Because there was no consistent relationship between plastic response to watering
stresses and invader status, I conclude that in this system, high phenotypic plasticity in
response to water availability is not a trait that contributes to successful invasion by both
B. inermis and P. pratensis in every soil type.
Tiller production varied considerably between treatments and species. When
samples were grown in Field Loam, tillers were very reduced from other samples, and are
sometimes missing altogether (Fig. 4). P. pratensis produces more tillers than other
species under all conditions. E. canadensis did not produce any tillers in Field Loam, but
seemed to produce equally well under Greenhouse Loam and Field Sand. P. smithii only
produced tillers in Field Sand when watering frequency was also low. P. smithii did not
produce enough samples with tillers for an effect of soil or watering regime to be
observed. The same is true of B. inermis between soil types, and P. pratensis between
watering regimes. Of the remaining tested correlations, both P. pratensis and E.
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canadensis tiller production was significantly affected by soil. Both P. pratensis and E.
canadensis had the most tillers in Greenhouse Loam, the least in Field Loam, and an
intermediate amount in Field Sand soil (Fig 4).
B. inermis had different responses to watering frequency in different soil textures,
indicating that it is more plastic in some soils than others. B. inermis was able to increase
its biomass in watering stresses in Field Sand (“Master-of-Some”), but not in Field Loam
or Greenhouse Loam (“Master-of-None”), so B. inermis may demonstrate stronger
plasticity under different watering regimes in coarser soil rather than in Field Loam.
Though this species is able to grow on all soil textures (Fulbright et al. 1982;
Hafenrichter et al. 1968; Newell 1973), this preference for a certain texture may explain
why this species often does not thrive on heavy clay or sand (Wasser 1982). This
plasticity in response to watering extremes may explain B. inermis’s ability to grow in
sites with a variety of hydrological characteristics, including anything from riparian zones
to dryland sites (Hardy BBT Limited 1989; Frank and McNaughton 1992).
A lack of plasticity in response to moisture variation is evident in P. pratensis
biomass production under watering extremes. Other studies have shown that this species
is not drought tolerant (Vogel 1981), and although it is able to grow on a wide variety of
soils, it has a much higher performance on well-drained loams or clay loams rich in
humus (USDA 1937) and is “somewhat exacting” in its chemical fertility requirements
(Smoliak et al. 1981). Data from this study and previous research supports the conclusion
that P. pratensis can grow well under ideal conditions, but lack of adaptability under
stressful conditions indicate that plasticity in biomass production is not a contributing
factor behind successful invasion of tall- and mixed-grass prairies by P. pratensis. High
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tiller production in P. pratensis offers the alternative that vegetative clonality contributes
to high invasive potential, though a sharp decline in tiller production under stressful
environments suggests that tiller production suffers as a result of plastic response to
environments. Tiller production is especially important during establishment of perennial
grasses, where all species benefit from a priority effect in early establishment (Ulrich and
Perkins 2014). The higher tiller production by P. pratensis under high resource
conditions suggests that traits such as clonality, flowering period, or dispersal methods
may be worth researching in the future for their high correlation with invasibility
(Pyšek and Richardson 2007).
The response of biomass production in native species E. canadensis to changes in
watering frequency did not reflect any disadvantages in plasticity when compared to the
response of biomass production in invasive species. In Field Loam and Field Sand, E.
canadensis was able to adapt to extreme watering frequencies, displaying “Jack-of-AllTrades” plasticity. This result agrees with studies in which this species is described as
adapted to a wide variety of soils (Atkins and Smith 1967; Cooper et al. 1957; Great
Plains Flora Association 1986; Wheeler and Hill 1957), including sandy, silty, or clayey
soils (Atkins and Smith 1967) and areas of relatively low soil fertility (Cooper et al 1957).
Although E. canadensis does not show opportunistic improvement under favorable
conditions, it does show the ability to maintain biomass production under stressful
conditions. In the case of Field Loam, this species is able to produce more under stress
than the invasive B. inermis.
P. smithii was the only species able to increase its biomass under water stress.
This was when watering frequency was low, and soil drained easily (“Master-of-Some”).
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Biomass production was sustained (“Jack-of-All-Trades”) for high watering frequency in
Field Loam, which did not drain readily. Our findings are supported by other studies
showing P. smithii to be tolerant of periodic flooding. However, other studies report P.
smithii to be tolerant of poor drainage and high water tables (Bultsma and Haas 1989).
This result indicates that additional research with more variation in soil textures and
watering extremes should be performed in order to understand the full range of P.
smithii’s plasticity.
Under growth conditions where grasses respond similarly to one another, there is
potential for functional overlap with respect to water and soil utilization. For example, E.
canadensis and B. inermis, when planted in gravelly soil, may have the same water
capture and retention strategy, making them functionally similar in that context. If these
two grasses are functionally similar, then E. canadensis may be a good candidate for
invasive-resistant restorations where B. inermis is a threat. This restoration scenario has
been proposed in other research, which has shown E. canadensis to be as competitive as
B. inermis (Ulrich and Perkins 2014). More studies are required to understand the
implications of functional diversity on the success of restoration efforts, as functional
diversity is increasingly being recognized for its importance in ecosystem functioning
(Diaz and Cabido 2001). Knowledge of functional similarities between native and
invasive species is crucial - where one or a few invaders prevent restoration success,
increasing the relative abundance of a few relevant functional groups may be an ideal
strategy for excluding those invaders (Funk 2008).
The invasive species included in this study were not shown to have higher
plasticity than natives by any of the methods used. Though some previous studies have
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shown invasive species to have higher levels of plasticity than their native counterparts
(Murray et al. 2002; van Kleunen and Richardson 2007), this experiment supports the
perspective that invasive species express similar levels of plasticity to native species
(Daehler 2003; González and Gianoli 2004; Brock et al. 2005; Burns 2006; Funk 2008),
and supports the need to express changes in plasticity along a resource gradient, rather
than along the necessarily linear “Stressful to Favorable” gradient previously proposed
(Richards et al. 2006). Though much of the tall- and mixed-grass prairie in this area is
comprised of perennial warm-season grasses (Owensby et al. 1999), it is worth exploring
the possibility that an increase in presence of perennial native cool-season grasses could
competitively exclude cool-season grass invasions.
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Soil Characteristics

Soil Content

Nickname

Field Greenhouse Field
Loam
Loam
Sand
Soil
Loam
Sandy
Loamy
Classification
Loam
Sand
Sand
50%
55%
77%
Silt
30%
34%
18%
Clay
20%
11%
5%
pH
7.4
6.8
7.0
Org. matter
4.8%
3.6%
10.6%
C.E.C.
17.7
19.7
16.8
Nitrate (ppm)
1
113
3
P1 (weak
5
16
9
bray)
K (ppm)
172
109
289

Table 1-1 – Soil Analysis. This table details the texture and nutrient content of the soils
used in the experiment: Field Loam, Greenhouse Loam, and Field Sand. Analysis was
performed on a sample of homogenized substrate from each of the three soil types by
Midwest Laboratories, Inc® in Omaha, Nebraska.
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Fig. 2-1 Biomass of Species within each Soil and Watering Treatment. In Field Sand, all
species have no significant difference in their biomass production except P. smithii,
which has highest biomass production in the lowest watering frequency. Letters above
bars indicate significant difference between watering treatments within each species and
soil, as found with a Student’s T-test.
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Fig. 2-2 - Number of tillers per specimen, sorted by species and treatment. Graph of
average tiller count per plant. Letters indicate significant differences between treatments
based on results of a Student’s T-test.
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Fig. 2-3 - Rii values of B. inermis, P. pratensis, E. canadensis, and P. smithii. Panel A
shows the results for all four species in Field Sand at all watering levels. Letters indicate
significant differences between species. Elements are repeated for Greenhouse Loam
results in panel B, and Field Loam results in panel C. Bars indicated with * are
significantly different than the control (medium water frequency).
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CHAPTER 3
INTRODUCTION
Interaction between plants is an important part of understanding plant
communities. Neighbor effects between plants range from facilitation in harsh
environments (Lortie and Callaway 2006; Wipf et al. 2006; Maestre et al. 2009) to
intense competition in less stressful, resource-rich environments (Bertness and
Callaway 1994; Craine 2005; Coomes et al. 2009). Plants compete for available growth
factors such as light, water, nitrogen, and minerals, resulting in decreased biomass
(Spitters 1983). High competitive ability was one of the first factors suspected of
allowing a species to become a weed (Baker 1965).
Interactions of invasive species with resident organisms, especially competition,
have been found to be important for successful invasion (Sakai et al. 2001; Vilà and
Weiner 2004; Levine et al. 2004; Maherali and Klironomos 2005; Hierro et al. 2011;
Baker 1965; Roy 1990), and the most invasive species interact strongly with resident
natives (Leger and Espeland 2010). Competitive exclusion by native plant species seems
to be a major force resisting exotic invasions (Keane and Crawley 2002). Some
experiments implicate competition as an influence that is more important than
herbivory in reducing invasive plant growth (Lonsdale and Farrell 1998; MüllerSchärer 1991), but there is still a need for pair-wise experiments testing the difference
in competitive ability between native and invasive species (Vilà and Weiner 2004).
Invasive species are sometimes able to affect native neighbors differently from
other exotic neighbors (Vinton and Goergen 2006; Toledo et al. 2014). These impacts can
be from general effects of the invader on the ecosystem, such as increased nutrient
cycling (Vitousek et al., 1987; Vitousek and Walker, 1989) or disruption of pollination
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and dispersal (Traveset and Richardson, 2006; Schweiger et al., 2010). Differences
between effects of invasive species on the species in their novel location and their effects
on species from their home range have been documented (Callaway and Ridenour 2004).
In some cases, exotics employ weapons which are coevolutionarily novel to the native
plants, such as allelopathic agents, or by acting as mediators in new plant-soil microbial
interactions (Callaway and Ridenour 2004). In other cases, exotics can change nutrient
cycling of the invaded habitat, which may facilitate success of exotic species in invaded
areas (Vinton and Goergen 2006; Toledo et al. 2014).
The interactions of invasive species with their neighbors needs to be tested in a
variety of environments, because competition is more important in some environments
than others (Maestre et al. 2009). Though most research is being conducted on impacts of
invasive species on native species, it is also important to understand the way invasive
species can be affected by their neighbors (Gomola et al. 2017). In this experiment, I
address the question: does neighbor presence and identity impact the plasticity of
invasive species and do the impacts of native neighbors differ from invasive neighbors? I
hypothesized that invasive species would have a higher competitive effect than natives,
and that B. inermis and P. pratensis would be most productive grown individually, less
productive when grown alongside a native species, and least productive when grown
alongside an invasive species.
METHODS
To examine the difference in plasticity of invasive grasses when grown with
neighbors, I conducted a glasshouse experiment where the biomass and tiller production
of two invasive species were compared among different watering regimes and neighbors.
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Bromus inermis (smooth brome) and Poa pratensis (Kentucky bluegrass) are two
common cool-season non-native grasses in tall- and mixed-grass prairie. These invasive
species were planted individually and with either a native cool-season grass or a nonnative cool-season grass. Native neighbors were either Elymus canadensis (Canadian
wildrye) or Pascopyrum smithii (western wheatgrass). Non-native neighbors were
Bromus inermis or Poa pratensis.
All plants were grown from seed (Millborn seeds, Brookings, SD, USA) in a
Brookings, South Dakota (44.320468, -96.784199) glasshouse in pots with a diameter of
2.5 cm, length of 14 cm, and with a fine paper lining to allow drainage while preventing
soil loss. A loam sourced from the area near South Dakota State University’s Oak Lake
Field Station (44.50671, -96.5343) was used in this experiment (Table 1-1). Three seeds
were planted for each species, and watered to saturation every other day for the first 21
days to allow establishment before watering treatments were started. Sprouts were
thinned at the end of each week so that there was only one of either B. inermis or P.
pratensis per pot, as well as one individual of the neighboring species. The replication
level was 30.
Each treatment was watered to reach the total average weekly rainfall for this area
during the growing season (1.7 cm water week-1). In each week, the “low” frequency
watering treatment received one 1.7 cm addition of water, the “medium” watering
treatment received 0.85 cm of water twice, and the “high” frequency watering treatment
received 0.57 cm three times per week. The experiment was terminated after 13 weeks of
growth, when the appearance of tillers at the bottom of the pots signaled space limitation.
Plants were clipped, and the below-ground contents of each container was placed on 1x1
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mm mesh and roots were manually cleaned. Above- and below-ground plant biomass was
dried for a minimum of 36 hours at 55°C and weighed.
A relative interaction index (Rii, Armas et al. 2004), which is sometimes called
the Competitive Effect formula, was used to calculate the effect of neighbors on biomass
within each soil type and watering treatment using the equation below:

𝑏𝑡 − 𝑏0
𝑏𝑡 + 𝑏0
𝑏𝑡 = 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑤𝑖𝑡ℎ 𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 (ℎ𝑖𝑔ℎ 𝑜𝑟 𝑙𝑜𝑤 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔)
𝑏0 = 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑤𝑎𝑡𝑒𝑟𝑖𝑛𝑔 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 (𝑚𝑒𝑑𝑖𝑢𝑚 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦)
𝑅𝑖𝑖 =

JMP (JMP®, Version 8. SAS Institute Inc., Cary, NC, USA 1989-2007) was used to
perform t-tests, regression analysis, and determine significance of treatments on data
collected. Preliminary analysis of data included boxplots, separated by species, neighbor,
and watering treatment, to check for outliers. Nine outliers that fell below Q1 − 1.5 IQR
or above Q3 + 1.5 IQR of the average within their respective treatments were excluded as
a result of this analysis. Shapiro-Wilk was used to examine normality. I used a twosample t-test to determine effect of species on biomass, and univariate analysis
(ANOVA) was used to test for effects of soil, watering treatment, and neighbor
competition on biomass and Rii.
RESULTS
Differences in biomass between the two species were significant (t(170) =
-9.73, p <0.0001), as were the effects of neighbor competition (F = 13.16, df = 2, p =
<0.0001). Watering treatment effect on biomass was not significant (F = 0.10, df = 2, p =
0.90). Rii was also significantly affected by species (t(153) = -4.05, p = <0.0001) and
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neighbor (F = 26.39, df = 2, p = <0.0001), but not watering treatment (F = 1.6559, df = 2,
p = 0.1937). Because species effect was significant in the overall biomass and Rii models,
further analysis was calculated individually by species.
B. inermis biomass production was significantly impacted by neighbor
competition (F = 8.07, df = 2, p = 0.0006), but not significantly impacted by watering
treatment (F = 0.16, df = 2, p = 0.85) or neighbor and water treatment interactions (F =
0.33, df = 4, p = 0.86). The biomass of B. inermis was significantly (p<0.05) affected by
presence or absence of a neighbor, but there was no difference between effect of a native
neighbor and effect of a non-native neighbor. Analyses of Rii response to variables
reflected the same significant impact of neighbor competition (F = 0.89, df = 2, p = 0.41)
and absence of significant impact from watering treatments (F = 0.08, df = 2, p = 0.92)
and the interaction of the two (F = 0.47, df = 4, p = 0.76). B. inermis
Biomass production by P. pratensis was significantly affected by presence of
neighbors (F = 13.07, df = 2, p = <0.0001), but not significantly affected by watering
treatment (F = 0.63, df = 2, p = 0.5356) or neighbor and water treatment interactions (F =
0.37, DF = 4, P = 0.83). Effect of neighbor (F = 0.81, df = 2, p = 0.45), watering
treatment (F = 1.99, df = 2, p = 0.14), and the interaction of neighbor competition and
water (F = 1.08, df = 4, p = 0.37) are all not significant on Rii.
DISCUSSION
The objective of this study was to provide a pair-wise comparison between the
competitive abilities of two invasive species and the two native counterparts. I expected
to find a stronger competitive impact from invasive species, but while biomass
production of B. inermis and P. pratensis are impacted by competition of neighbors,

35
impact was equivalent between native and invasive neighbors (Fig. 3-1). B. inermis and P.
pratensis, as measured by Rii, do not respond to watering treatment when the target
species are grown under competition stresses, following a Jack-of-All-Trades plasticity.
The only exception is with P. pratensis in competition with native species, in which
significantly more biomass is produced in high watering frequency when compared to
low watering frequency. This provides evidence that while these invasive species may
have high competitive abilities, they are not any stronger than those of co-occurring
native plants.
Invasive plants are expected to have high competitive abilities (Baker 1965).
Some studies addressing the possibility of competition as pathway to biotic resistance
against invaders finds that there is higher competitive ability in invaders (Bakker and
Wilson 2001), while others do not (Seabloom et al. 2003). A pairwise study comparing
invasive Agropyron cristatum in competition with Bouteloua gracilis found that water
availability had no effect on their measured responses, a finding that is echoed in my
study, when change in watering frequency did not change the biomass production of
either B. inermis or P. pratensis. Not all invaders are created equal, and comparisons
between native and invader traits need to be performed within diverse ecosystems.
Because invasive cool-season grasses are not better competitors than native
species, tall- and mixed-grass prairie may be a good candidate for developing diverse
communities that will best resist invasion (Seabloom et al. 2003; Corbin and D'Antonio
2004). Many ecologists believe that biotic resistance, a reduction in invasion success by
the resident community (Levine et al. 2004) is a process strong enough to keep invaders
out (Moulton and Pimm 1983; Case 1990; Kennedy et al. 2002). E. canadensis is a native
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species expressing strong competition in this experiment and previous studies (Ulrich and
Perkins 2014), and would likely be a good candidate for resistant plantings in tall- and
mixed-grass prairie. If this interest were to be pursued, additional research would be
needed to identify more competitive native species. Invasion can be promoted by
declining native species richness (Tilman 1997; Dukes 2002; Fargione and Tilman2003).
Most current research on species traits seeks to identify those characters that
determine invasiveness, rather than impact (Daehler 2003; Pysek and Richardson 2007;
Pysek et al. 2009; Van Kleunen et al. 2010; Pysek et al 2012). However, competitive
impact is so similar between native and invasive cool-season grasses in the tallgrass
prairie, it may be worth doing more research to find those native species with higher
competitive abilities, and utilize their abilities for competitive exclusion. With greater
understanding of how invasive species react to the presence of native species, as
compared to other invasive species, we will be able to better prevent future invasions and
moderate current ones.
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Fig. 3-1 – Biomass of B. inermis and P. pratensis under three watering regimes grown
individually or under competition. Invasive neighbors consist of either B. inermis or P.
pratensis. Native neighbors are either E. canadensis or P. smithii. Both B. inermis and P.
pratensis are affected by presence of neighbors. Within neighbor treatments of each
species, there was no significant difference between treatments as found by a Student’s
T-test, except when P. pratensis was grown with a native neighbor, and able to produce
significantly more biomass under high watering treatment in comparison to biomass
production in low watering treatment.
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Fig. 3-2 – Rii values of B. inermis and P. pratensis in all competition and watering
treatments. There was no difference between responses of B. inermis to watering
treatments or neighbor identity but P. pratensis expressed two distinct responses to high
watering frequency: difference between competition treatments was not significant under
the low watering treatment, but in the high watering treatment, individuals grown with an
invasive neighbor were less productive than those grown with a native neighbor or alone.
Letters are included to show significantly different responses, as found by a Student’s Ttest. Bars indicated with a * are significantly different from 0.
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CONCLUSION
This experiments in my project were performed to assess phenotypic plasticity as
a possible invader attribute of B. inermis and P. pratensis, and answer the question: does
neighbor presence and identity impact the plasticity of invasive species and do the
impacts of native neighbors differ from invasive neighbors? I did not find invasive
grasses as a group to have higher phenotypic plasticity than their native counterparts as a
group.
Each species displayed unique phenotypic plasticity in response to environmental
conditions, there was no relationship between native or non-native status and plastic
ability. With a few exceptions, most species responded to watering regime the same way
within the same soils. Then, in the pairwise competition part of the experiment, I found
that biomass production of B. inermis and P. pratensis are impacted by competition of
neighbors, but impact is equal between native and invasive neighbors. Both results
support the conclusion that in this system, high phenotypic plasticity in response to water
availability is not a trait that contributes to successful invasion.
Similarities between responses of native and invasive species provide potential to
utilize competitive exclusion to create invasion-resistant communities. For example, E.
canadensis and B. inermis, when planted in gravelly soil, may have the same water
capture and retention strategy, making them functionally similar in that context. In this
case, E. canadensis could be a good candidate for restorations where B. inermis is a threat.
Recognizing functional roles of species in ecosystems will continue to provide muchneeded information to aid in this form of conservation. With a better understanding of the
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role of adaptive plasticity in native and invasive species in mixed- and tallgrass prairie,
selective plantings could become an effective tool in managing and preventing invasions.
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